The permeability of five types of drainage base course materials (i.e. single-sized crushed stones that were either asphalt treated or untreated, sand, mechanical stabilized crushed stones, and drainage asphalt mixtures) were studied through constant-head permeability tests at laboratory. Three parameters (permeability coefficient k, turbulent flow parameters m and n) were introduced to describe the drainage behavior. Four aspects of the material properties, in terms of the average grain size dmean , void ratio, p2 .36 and p0.075 , were used to analyze the experimental results. The relevant findings were presented. It was indicated that errors might have been induced while using Darcy's law to estimate the discharge velocity irrespective of the flow states.
depending on the composition of materials, and even for materials with the same composition, the flow might be one of these two states at different hydraulic gradients. The purpose of this study is to determine:
1)The relationships between various composition of materials and their permeability coefficients; 2)The discharge behavior of turbulent flow; and 3)The critical hydraulic gradients.
In this paper, we present the laboratory constanthead permeability testing results of five types of drainage base course materials (i.e. single-sized crushed stones that were either asphalt treated or untreated, sand, mechanical stabilized crushed stones, and drainage asphalt mixtures). Three parameters (permeability coefficient k, turbulent flow parameters m and n) were introduced to describe the drainage behavior. Four aspects of the material properties, in terms of the average grain size dmean, void ratio, p2 .36 and p 0. (2) Specimens Two diameter sizes, 210 mm and 100 mm, were used for the specimen. The 210 mm diameter was used for materials with the maximum grain size of 13-30 mm, and the 100 mm diameter was used for materials with the maximum grain size of less than 13 mm.
All specimens were 500 mm in height and compacted with 50 times of Marshall blow at both sides, which is specified for the asphalt mixtures as the base course. Thus, it was applied to all the materials to simulate the compaction efforts at construction. For the sand and mechanical stabilized crushed stones, the optimal water content was used to achieve the maximum density.
(3) Permeability tests
The apparatus used for the constant-head permeability tests is shown in Fig. 2 , where the diameter of the permeameter was appropriate for the dimension of the specimens. The hydraulic gradient was tested from 0.5% to 100% by adjusting the height of the water tank. Darcy's law, as expressed in Eq. (1)7). The nonlinear relationship indicates that the flow is in a turbulent state, which can be expressed by Eq. (2)8).
where k-permeability coefficient (cm/s) i-hydraulic gradient ic-critical hydraulic gradient c,n-coefficients
The parameters k , c and n were obtained from the experiments, as shown in Table 1 . Table 2 . By using multiple regression method to analyze the experimental results, the dominant factors which have significant impacts on the permeability coefficients were identified, as shown in Table 3 .
(2) Permeability coefficient The permeability coefficient of the drainage base course materials are shown by Fig. 4 . It shows that the permeability coefficient for different types of drainage base course materials is quite different. In terms of magnitudes, the permeability coefficients of single-sized crushed stones or drainage asphalt mixtures are thousands of times higher than that of either the sand or the mechanical stabilized crushed stones. Fig. 4(a) shows the permeability coefficient of single-sized crushed stones. It was found that the larger the d mean, the higher the permeability coefficient. Contrastingly, the larger the p2.36, the lower the permeability coefficient. No significant difference in the permeability coefficient was observed for the single-sized crushed stone with asphalt treated and untreated. In addition, a laminar flow was not observed when the dm ean is larger than 9.3 mm for asphalt treated single-sized crushed stones and 15.5 mm for untreated singlesized crushed stones. Fig. 4(b) shows the permeability coefficient of drainage asphalt mixtures. It shows that the larger the void ratio and the smaller the p2 .36, the higher the permeability coefficient. However, a laminar flow was not observed for higher void ratios. Fig. 4(c) shows the permeability coefficient of sand. It shows that the larger the void ratio and the smaller the p0 .075, the higher the permeability coefficient. No turbulent flow was observed. where m=c.k. It implies that the discharge velocity of a turbulent flow can be related to the velocity estimated by Darcy's law. Therefore, parameters m and n are introduced to describe such a relationship. Fig. 5 shows parameter m in the experiments. It can be found from Fig. 5(a) that for single-sized crushed stone the parameter m decreases as dmean increases and as p2 .36 decreases, regardless of whether the materials are treated by asphalt or not. It can be found from Fig. 5(b) that for drainage asphalt mixtures the parameter m decreases as the void ratio increases and as p2 .36 decreases. It is worthwhile to mention here that in both cases the parameter m is more than 1. Fig. 6 shows parameter n in the experiments. It can be found from Fig. 6(a) that the parameter n ranges from 1.3 to 1.8 for the single-sized crushed stones, regardless of whether the materials were treated by asphalt or not. It can be found from Fig.  6(b) that the parameter n is around 1.6 for the drainage asphalt mixtures.
It was also inferred from Eq. (5) that errors might be induced while using Darcy's law to estimate the discharge velocity irrespective of the flow states. As demonstrated by Fig. 7 that if m=2, n=1.6 and the discharge velocity estimated by the Darcy's law were assumed to be 5, 20 and 50cm/s, the discharge velocity of the turbulent flow should be 36%, 21% and 15%, respectively, of that assumed. Therefore, the critical hydraulic gradient was investigated in order to identify the flow states before estimating the discharge velocity. Since parameter n has an almost constant value ranging from 1.3 and 1.8, it can be found from Eq.
(6) that as either k or m increases, the critical hydraulic gradient might decrease. This was confirmed by the fact that a laminar flow was observed for mechanical stabilized crushed stones and sand with lower permeability coefficients, while a turbulent flow was observed for the singlesized crushed stones or drainage asphalt mixtures with higher permeability coefficients. 
SUMMARY
The permeability tests of five types of drainage base course materials were conducted at laboratory, and the experimental results were analyzed. Three parameters (permeability coefficient k, turbulent flow parameters m and n) were introduced to describe the permeability behavior. Based on the experiments, these parameters were studied. Meanwhile, four aspects of the material properties were used to analyze the connection between the material composition and the permeability parameters. The following findings were obtained from the study:
1)The permeability coefficient k of single-sized crushed stones and the drainage asphalt mixtures are thousands of times higher than that of either the mechanical stabilized crushed stones or the sand. A larger grain size and higher void ratio might be beneficial to obtain a higher permeability coefficient, but a larger p0.075 or P2.36 might be harmful. 
